Medical Sciences. In the article "t(11;22)(q23;q11.2) in acute myeloid leukemia of infant twins fuses MLL with hCDCrel, a cell division cycle gene in the genomic region of deletion in DiGeorge and velocardiofacial syndromes" by Maureen D. Megonigal, Eric F. Rappaport, Douglas H. Jones, Terrence M. Williams, Brian D. Lovett, Kara M. Kelly, Paul H. Lerou, Thomas Moulton, Marcia L. Budarf, and Carolyn A. Felix, which appeared in number 11, May 26, 1998, of Proc. Natl. Acad. Sci. USA (95, pp. 6413-6418), the authors wish to note the following corrections. On page 6414, column 2, line 4, the text should read: "The 24-l ligation reaction mixture contained 0.5 g" not "0.05 g" as printed. Also, on page 6415, column 1, line 56, the text should read: "AmpliTaq DNA polymerase, all four dNTPs (each at 200 M)" not "(each at 250 M)" as printed.
Contributed by Jeff Schell, July 21, 1997 ABSTRACT Lipochitooligosaccharides (LCOs) are plant growth regulators that promote at subfemtomolar concentrations cell division in tobacco protoplasts. In response to LCO treatment, tobacco cells release a second growth factor that fully mediates the growth-promoting activities of the initial extracellular LCO stimulus. This diffusible growth factor was isolated from the protoplasts' culture filtrate and shown to be a peptide. We report that the LCO-induced mitogen released by tobacco cells and a synthetic heptadecapeptide derived from region 2 of the tobacco homolog of the early nodulin gene ENOD40 are antigenically related and qualitatively indistinguishable in their ability to stimulate cell division.
Lipochitooligosaccharides (LCOs) are a novel class of signaling molecules that promote division of plant cells. LCO signals (nodulation factors) secreted by nitrogen-fixing rhizobia were shown to play a key role in inducing nodule organogenesis in leguminous plants (1) . Moreover, synthetic LCOs are efficient at femtomolar concentrations to alleviate the requirement of the phytohormones auxin and cytokinin to sustain growth of cultured protoplasts of the nonlegume tobacco (2) . Within the tobacco cell, LCO and auxin signals are transduced via separate pathways that converge at, or before, the transcription of AXI1, a gene implicated in mitogen signaling. To reach full growth-promoting activity both LCO and auxin also require the presence of the effector cytokinin (3) .
The efficiency with which LCOs trigger a biological response in cultured protoplasts suggests that glycolipid signaling may be amplified. In the present study, inhibition of LCO action with a galactosamine-containing glycolipid was used to show that tobacco cells release a second growth factor in response to LCO treatment that exhibits all the known activities of the initial LCO signal. The growth-stimulating factor produced by LCO-treated tobacco cells was isolated from protoplast culture filtrate and subsequently characterized. We report that this diffusible signaling molecule is a peptide that mediates the growth-promoting effects of the extracellular LCO stimulus.
MATERIALS AND METHODS
Cell Culture. Protoplasts isolated from Nicotiana tabacum SR1 leaf tissue (4) were washed three times in K3 medium (5) containing 0.4 M sucrose and resuspended in the same medium to a final density of 6 ϫ 10 4 cells͞ml. Growth-promoting substances like ␣-naphthalene acetic acid (1-NAA, Sigma), cytokinin (kinetin, Sigma), and synthetic LCO [N-trans-9-octadecenoyl GlcN (␤-1, 4-GlcNAc) 3 3) and the LCO-inhibitor N-trans-9-octadecenoyl GalN (3) were added as indicated. To trigger the release of mitogenic activity, protoplasts were treated with LCO (10 Ϫ14 M) and kinetin (10 Ϫ6 M) for 48 hr at 26°C in the dark. Protoplasts were carefully removed with a glass microfiber filter (GF͞F, Whatman), and the culture filtrate was stored at Ϫ20°C.
Protoplast Bioassay. For the cell division assay, protoplasts (3 ϫ 10 5 cells in 5 ml) were cultured for 48 hr at 26°C in the dark and then transferred into light. Peptide growth factors, dissolved in PBS, were filter-sterilized (Millex-GV, Millipore) and subsequently added in a final volume of 0.5 ml to the assay. Dividing protoplasts were counted microscopically 5 days after addition of growth factors to the medium. Because growth factor-induced cell division correlates with the activation of AXI1, transient assays with a chimeric P AXI -␤-glucuronidase expression plasmid were performed as described (3) and were used to confirm the results of the cell division assay (data not shown).
Synthetic Peptides. Peptides deduced from the highly conserved region 1 (MQWDEAIHGS) and region 2 (MAN-RQVTKRQWTPFWSL) of tobacco ENOD40 were synthesized by Neosystem (Strasbourg, France). Standard peptides for HPLC, ranging in nominal positive charge at pH 3.0 from ϩ1 to ϩ5, were oxytocin (ϩ1, Sigma), ENOD40-1 (ϩ2), bradykinin (ϩ3, Sigma), dynorphin A fragment 1-9 (ϩ4, Sigma), and angiotensinogen fragment 1-13 (ϩ5, Sigma).
Peptide Purification. The mitogenic peptide was isolated from the culture filtrate by reverse-phase C-18 solid-phase extraction. The filtrate (40 ml) was acidified with trifluoroacetic acid (TFA) (40 l) and then applied to a solid-phase extraction column (Vydac 218TPB13), which previously was equilibrated with 0.1% TFA in water. The column bed first was washed with 0.1% TFA͞H 2 O and subsequently with 0.1% TFA͞20% acetonitrile. The retained mitogenic peptide then was eluted with a small volume of 0.1% TFA in 75% acetonitrile, evaporated to dryness in a Speed Vac vacuum concentrator, and dissolved in 0.15 M ammonium acetate. The extract then was chromatographed on a Superdex 75 HR 30͞10 column (Pharmacia) equilibrated with 0.15 M ammonium acetate and run at a flow rate of 0.5 ml͞min. Bioactive fractions eluting between 40 and 42 min were pooled and lyophilized. The sample was dissolved in 5 mM phosphate (pH 3.0)͞25% acetonitrile and applied to a polysulfoethyl aspartamide column (200 ϫ 4.6 mm, 5-m particle size; The Nest Group, Southborough, MA). Strong cation exchange chromatography was carried out with a linear salt gradient at pH 3.0. Active fractions eluting between 46 and 48 min were pooled and desalted over a reverse-phase C-18 solid-phase extraction column. A third HPLC run was performed with the desalted sample from the preceding step on a Vydac C-18 reverse-phase
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narrowbore column (250 ϫ 2.1 mm, 5 m; Vydac, Hesperia, CA), which was eluted with a linear acetonitrile gradient at a flow rate of 0.2 ml͞min. The mitogenic peptide eluted between 27 and 29 min. Proteolytic Digestion. The mitogenic peptide recovered from the Vydac reverse-phase HPLC column was lyophilized and digested with one of the following proteolytic enzymes: chymotrypsin, endoproteinase Glu-C, subtilisin, or trypsin. With the exception of subtilisin, all other proteinases were purchased from Boehringer-Mannheim in ultra-pure form (sequencing grade). Cleavage with chymotrypsin (50 g) was performed in 200 l of 50 mM Tris⅐Cl, pH 7.8͞100 mM CaCl 2 at 25°C overnight. Treatment with 50 g endoproteinase Glu-C was done in 200 l of 50 mM Tris-phosphate (pH 7.8) at 25°C overnight. Fragmentation of the peptide with 200 g subtilisin was carried out in 200 l of 50 mM Tris⅐Cl, pH 7.5͞2 mM CaCl 2 at 37°C for 4 hr. Digestion with 50 g trypsin was performed in 200 l of 50 mM Tris⅐Cl, pH 8.0͞20 mM CaCl 2 at 25°C overnight. The resulting peptide cleavage fragments were immediately separated on a Superdex 75 HR column, and fractions eluting between 40 and 42 min (elution positions of the mitogenic peptide) were collected manually. After lyophilization in a Speed Vac, the sample was assayed for cell division activity.
Preparation of Antipeptide Antibodies. ENOD40-2 peptide, predicted from the nucleotide sequence of region 2 of tobacco ENOD40 cDNA, which carries an additional tyrosine added to the C terminus was synthesized by Neosystem. The peptide was coupled to keyhole limpet hemocyanin (KLH) through the tyrosine with bis-diazobenzidine as the coupling reagent. Rabbit preimmune serum and antiserum against ENOD40-2 peptide-KLH were obtained from Neosystem. Ig (IgG) fractions were prepared by purification on protein A-Sepharose CL-4B (Pharmacia).
Immunoaffinity Techniques. To prepare antibody-solid phase affinity matrices, the IgG fractions were bound to protein A-Sepharose beads and crosslinked with dimethylpimelimidate (Sigma; ref. 6). Antibody-bead matrix (200 l) was added to peptides dissolved in 1.5 ml of PBS. The antigen solution was mixed with the antibody beads at 4°C overnight, and the slurry then was transferred to a minicolumn. Before washing the beads with binding buffer the column effluent was collected and assayed for the presence of the mitogen. The matrix was then washed with PBS containing 1M NaCl, followed by PBS and distilled water. Bound peptides were eluted with a small volume of 0.2% TFA, lyophilized, dissolved in PBS, and then assayed for mitogenic activity.
RESULTS

Release of a Mitogen from LCO-treated Tobacco Protoplasts.
Under defined culture conditions, tobacco protoplasts require the external addition of micromolar concentrations of both phytohormones auxin and cytokinin for cell division (4, 7) . LCOs are powerful mitogenic signals because they still are able to stimulate auxin-independent growth of tobacco protoplasts in the subfemtomolar range (data not shown). The lack of correlation between this extremely low concentration of glycolipid signal and the biological response suggests that the initial LCO stimulus might be amplified.
To test whether LCO-triggered cell division might be mediated by a factor other than the glycolipid itself, we cultured tobacco protoplasts in the presence of cytokinin and LCO at concentrations known to stimulate maximal rates of cell division (3). After 2 days, aliquots of the culture filtrate were added to fresh protoplasts cultured with kinetin alone and pretreated with the LCO inhibitor N-acyl GalN and the anti-auxin 2-NAA to rule out the possibility that auxin or residual LCO in the medium might have been responsible for mitogenic activity (3). These pretreated tobacco cells exhibited maximal rates of division when the culture filtrate from LCO-induced protoplasts was added (Fig. 1 ). This suggests that the LCO signal triggers the synthesis of another growthpromoting factor that is released from the cells into the medium.
Initial Characterization of the Mitogen. Release of mitogenic activity into the medium was time dependent, with maximal activity being released 48 hr after initiation of the LCO treatment (data not shown). The activity was sensitive to heating at 95°C for 15 min and digestion with the proteinase subtilisin. Furthermore, the mitogen was retained on a reversephase C-18 solid-phase extraction cartridge. Ultrafiltration experiments revealed that the mitogenic factor was fully retained by a 3-kDa cut-off membrane (YM3, Amicon), whereas a 10-kDa cut-off membrane (YM10) retained 53% of the activity. As shown below, the elution position of the bioactive fraction from the size fractionation step corresponds to a low molecular weight compound ( Fig. 2A) . Together, these properties suggest that the LCO-induced mitogen is a peptide.
Purification of the Peptide Growth Factor. To isolate the peptide from a large volume of protoplast culture filtrate, we took advantage of the fact that the mitogen was retained on a reverse-phase solid-phase extraction column. Purification of the extracted peptide then was achieved by using an efficient three-step procedure involving gel chromatography, ion exchange, and reverse-phase HPLC (see Fig. 2 ).
Gel chromatography of the material recovered from the extraction column yielded one major zone of mitogenic activity that eluted between the N. tabacum ENOD40 decapeptide (synthetic peptide from region 1 of ENOD40, ref.8) and the LCO itself (Fig. 2 A) . The pooled active fractions were further purified on a strong cation-exchange HPLC column, which was particularly useful because the position of peptides eluting from this column increased monotonically according to their net positive charge at pH 3.0 (Fig. 2B, ref. 9 ). The elution position of the column fraction with mitogenic activity resembled that of a peptide containing four positively charged residues. The relatively narrow zone of mitogenic activity from the SCX column was desalted on a C-18 solid-phase extraction cartridge and fractionated by Vydac C-18 reverse-phase HPLC (Fig. 2C) . This final purification step yielded one major active fraction, which was used for further characterization of the mitogenic peptide.
Biological Properties. Next, we cleaved the purified peptide with a large excess of various endoproteinases, and the incubation mixtures subsequently were separated on a Superdex gel chromatography column (Fig. 2 A) . Trypsin and chymotrypsin digested the peptide, and no mitogenic activity could be detected in the chromatographic fraction eluting between 40 and 42 min. Therefore, it is likely that the peptide growth factor contains both basic and aromatic amino acid residues. However, treatment of the peptide with endoproteinase Glu-C did not alter the chromatographic behavior of the mitogen, indicating that Glu and Asp residues might not be present in the molecule.
The purified peptide shows a broad range of activities with cultured tobacco protoplasts (Fig. 3) . The absence of auxin could be fully compensated for by the addition of the peptide growth factor to the culture medium (Fig. 3, lane 6) . However, using this assay system exogenously supplied peptide was less effective in its ability to stimulate cytokinin-independent growth (Fig. 3, lane 9) . In a further experiment we show that application of the peptide alone could only partially replace the growth-promoting effects of the phytohormones auxin and cytokinin (Fig. 3, lane 12) . On the other hand, the purified peptide confers on cultured protoplasts the ability to divide in the presence of high auxin and cytokinin concentrations that are normally inhibitory to these cells (Fig. 3, lanes 15, 18, and  21 ). These data show that the purified peptide and the LCO elicit similar, if not identical, mitogenic responses (Fig. 3) , suggesting that the peptide can mimic the growth-promoting effects of the initial LCO signal in this assay system.
A Peptide Deduced from Region 2 of Tobacco ENOD40 cDNA Shows Similar Properties as the Purified Peptide.
Recently, it was shown that cultured tobacco protoplasts transiently expressing an ENOD40 cDNA construct established a tolerance to high auxin concentrations (8) . Sequence comparison of the tobacco and legume ENOD40 revealed two highly conserved regions (regions 1 and 2). Expression of ENOD40 constructs containing either region 1 or region 2 cDNAs confer auxin tolerance to tobacco protoplasts, which indicates that ENOD40 contains two biologically active regions. It was shown that region 1 encodes a biologically active peptide of about 10 amino acids (8) . To answer the question of how region 2 triggers the biological response, we deduced from this region a highly conserved heptadecapeptide (MAN-RQVTKRQWTPFWSL, Fig. 4A ). In vitro-synthesized heptadecapeptide, designated ENOD40-2, was tested in the protoplast bioassay for its mitogenic activity. In this assay, purified peptide isolated from the culture filtrate of LCO-induced tobacco protoplasts and an ENOD40 region 2-derived synthetic peptide had identical effects, i.e., in addition to the ability to confer tolerance to high auxin and cytokinin concentrations they stimulated auxin-independent growth. Furthermore, both peptide growth factors, native or synthetic, alleviate the requirement for cytokinin to sustain growth of tobacco cells (Fig. 4B) .
Having demonstrated that the ENOD40-2 peptide mimics the effects of the native peptide on tobacco protoplasts, we next analyzed the potency of this synthetic peptide molecule to stimulate cell division. When added exogenously to protoplasts cultured in the absence of auxin the heptadecapeptide is fully active in the femtomolar range and exhibits half-maximal mitotic activity even at 10 Ϫ18 M (Fig. 5) .
In separate experiments we investigated whether both peptide growth factors can activate the expression of AXI1, an auxin-inducible gene that plays a role in mitogenic signaling (10) and is a molecular target of LCOs (3). To monitor AXI1 expression, tobacco protoplasts were transfected with the chimeric expression plasmid P AXI -␤-glucuronidase, and transiently expressed ␤-glucuronidase was measured after 48 hr (3). In these transient assays, both purified and synthetic ENOD40-2 peptides could induce the AXI1 promoter, and the overall pattern of P AXI -␤-glucuronidase expression correlated with the induction of cell division by the same signals in an indistinguishable manner (data not shown).
Antibodies Against ENOD40 -2 React with the LCOInduced Peptide Growth Factor. To test whether the region 2-derived peptide is able to elicit antibodies reactive with the native mitogen, we raised antibodies against this chemically synthesized peptide in rabbits. These antibodies were coupled to Sepharose beads and tested for their ability to recognize the LCO-induced mitogen. Fig. 6 shows that both peptide growth factors, native or synthetic, are recognized by the anti-ENOD40-2 antibodies. However, control antibodies, purified from the preimmune serum, did not react with any of the peptide mitogens. These results suggest that a growth factor molecule antigenically related to ENOD40-2 heptadecapeptide is essential for the mitogenic effect in tobacco protoplasts.
DISCUSSION
The evidence is increasing that peptides are important signaling molecules in plants mediating a variety of cellular pro- cesses, including growth and development (8, 11, 12) and defense responses (13) . Work presented in this paper shows that LCO-stimulated tobacco protoplasts release a peptide that fully mediates the growth promoting effects of the extracellular glycolipid signal. This peptide was isolated from the culture filtrate of LCO-induced tobacco cells by C-18 solidphase extraction. To purify the mitogen, the peptidecontaining extract was prefractionated by size exclusion and ion-exchange HPLC steps before the final reverse-phase HPLC. Using this strategy, only minute amounts of growth factor were obtained from a large volume of tobacco culture filtrate, and therefore the possibility of determining even the amino acid composition of the peptide mitogen was out of the question.
Recently, we have shown that LCOs promote cell division in tobacco protoplasts grown in the absence of auxin and cytokinin. Furthermore, exogenously applied LCOs confer on tobacco cells the ability to divide in the presence of high concentrations of these phytohormones. Here we demonstrate that the purified peptide elicits similar mitogenic effects in tobacco cells as previously reported for LCOs. Both growth factors, LCO and peptide, require the addition of cytokinin as a synergistic factor for full mitogenic activation of the tobacco cells. Thus, the peptide can fully mediate the action of the glycolipid signal.
Another peptide growth factor that is highly potent in stimulating cultured cells to divide in the presence of high auxin concentrations has been identified recently in plants (8) . This signal molecule, termed ENOD40-1, is synthesized as a very short translation product from the highly conserved region 1 of ENOD40, an early nodulin gene that is induced by LCOs. The chromatographic behavior and the specificity of action of the ENOD40-1 peptide, however, differ markedly from the purified peptide growth factor described in this work. For example, in contrast to the isolated peptide, ENOD40-1 fails to induce a growth response in tobacco protoplasts in the absence of auxin and cytokinin (K. van de Sande, personal communication).
ENOD40 carries a second conserved sequence (region 2), which is located in the central part of the gene. Transient expression experiments in tobacco protoplasts showed that region 2 is biologically active and causes a similar response in the transfected cells as does the ENOD40-1 peptide (8) . Nevertheless, the molecular mechanism by which region 2 may be active has not been elucidated, although a role in translational regulation was proposed (8) . A heptadecapeptide, termed ENOD40-2, was deduced from the highly conserved region 2 of tobacco ENOD40 cDNA and the activity of this chemically synthesized peptide was tested in the protoplast bioassay. The data presented here show that the biological activity of the synthetic peptide is qualitatively indistinguishable from the native peptide that was isolated from tobacco culture filtrate. Further evidence indicates that the LCOinduced mitogen released by tobacco cells may be related to the region 2-derived peptide of the tobacco ENOD40 cDNA. First, cation-exchange chromatography revealed that the purified peptide contains at least four positively charged amino acid residues, which also holds true for the ENOD40-2 heptadecapeptide. Furthermore, native or synthetic peptides are cleaved by the same endoproteinases. Finally, a strong argument that ENOD40-2 resembles the LCO-induced bioactive compound in the tobacco culture filtrate comes from the finding that antibodies directed against the synthetic peptide also recognize the native peptide released by tobacco cells.
The results presented here provide evidence that the highly conserved region 2 of ENOD40 also exerts its biological activity by the production of a short peptide. Because a peptide of that size has no small ORF, it is likely that the bioactive peptide is part of a larger precursor molecule from which it may be released by proteolytic processing. However, ultimate proof that the LCO-induced mitogen is a region 2-derived peptide should come from sequence analysis of the purified peptide.
During the formation of nodules on leguminous plants LCOs trigger the mitotic reactivation of root cortical cells. Due to the amphipathic character of these glycolipid molecules, it is likely that they integrate predominantly into membranes of the outer layer of roots. Thus, a diffusible peptide growth factor, as described in this work, that mediates all the growthpromoting effects of the initial LCO stimulus may play a role in nodule formation by transmitting the LCO signal from epidermal cells to cells of the inner cortex where mitosis is initiated.
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